Single-molecule DNA analysis of testicular germ cells isolated by laser capture microdissection from two Huntington disease patients showed that trinucleotide repeat expansion mutations were present before the end of the first meiotic division, and some mutations were present even before meiosis began. Most of the larger Huntington disease mutations were found in the postmeiotic cell population, suggesting that expansions may continue to occur during meiosis and͞or after meiosis is complete. Defining the germ-line cell compartments where the trinucleotide repeat expansions occur could help to elucidate the underlying mechanisms of instability.
Single-molecule DNA analysis of testicular germ cells isolated by laser capture microdissection from two Huntington disease patients showed that trinucleotide repeat expansion mutations were present before the end of the first meiotic division, and some mutations were present even before meiosis began. Most of the larger Huntington disease mutations were found in the postmeiotic cell population, suggesting that expansions may continue to occur during meiosis and͞or after meiosis is complete. Defining the germ-line cell compartments where the trinucleotide repeat expansions occur could help to elucidate the underlying mechanisms of instability.
A t least 14 diseases result from expansion in the number of trinucleotide repeats (TNR) in or adjacent to a proteincoding gene (1) (2) (3) . In most cases, the repeat sequence consists of CAG͞CTG triplets. The expanded alleles characteristically undergo further expansion when the disease gene is transmitted from an affected parent to the offspring, resulting in increased disease severity and an earlier age of onset. Based on studies in model systems, a variety of molecular mechanisms have been proposed to explain TNR expansion, including meiotic recombination (4-7), DNA replication slippage (2, (8) (9) (10) (11) (12) (13) (14) , and DNA damage repair (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Whether one or all of these processes actually contribute to germ-line expansion mutations in humans is not known, although it is widely accepted that secondary structure formation by TNR tracts is a critical step in the mutation process (reviewed in refs. 2 and 25-28) .
Defining the germ-line cell compartments where the TNR expansions occur in humans could help reveal the underlying mechanisms. The presence of expansion mutations in spermatogonia would be consistent with a mitotic mutation process mediated by replication slippage or DNA damage repair. Expansions occurring during meiosis might suggest a role for double strand break formation induced by the SPO11 protein (29) (30) (31) , whereas expansions after meiosis is completed would implicate DNA damage repair.
No direct information on the presence or absence of CAG͞ CTG expansion mutations in the various human germ-line cell compartments is available. We investigated the germ line of two men who died from Huntington disease (HD). When men transmit the HD mutation, the relative increase in repeat number among their offspring [or in their sperm (32) ] is among the highest observed for CAG͞CTG tract instability (reviewed in ref. 33 ). We analyzed testicular germ cells isolated by laser capture microdissection (LCM) (34) . We showed that TNR expansion mutations are present before the end of the first meiotic division, and are even present before meiosis begins. Because a greater proportion of the larger human mutations were found in the postmeiotic cell population, we propose that some expansions may continue to occur after the beginning of meiosis. In humans, TNR mutations may arise at different stages of germ-line development, possibly as a result of several different DNA transactions.
Methods
Tissues. Testis tissue was obtained at autopsy 3 h post mortem and kept at the Harvard Brain Tissue Center at Ϫ70°C. No semen samples were available from these patients. Informed consent was obtained from all subjects by using a protocol approved by the Institutional Review Board of the College of Physicians and Surgeons of Columbia University.
Staining. Frozen specimens of testicular tissue were fixed in 50% ethanol at Ϫ20°C over 48 h. The specimens were then put at room temperature and the ethanol concentration was raised gradually to 100%. The specimens were manually embedded in paraffin and cut into 5-m-thick sections. For LCM, the sections were mounted on uncoated glass slides, lightly stained with hematoxylin, and kept in a moisture-free environment without a coverslip.
LCM. We used a PixCell II LCM instrument purchased from Arcturus (Mountain View, CA). Microdissections were performed at resolutions of 7.5 m.
DNA Extraction. The CapSure Transfer Film cap (Arcturus) was placed in a microcentrifuge tube containing 50 l of extraction buffer (1 mg͞ml proteinase K and 1% Tween 20 in 10 mM Tris⅐HCl͞1 mM EDTA buffer, pH 8.0). The tube was inverted so the fluid was in contact with the surface of the cap. The mixture was incubated overnight in a humidified incubator at 42°C, and the liquid was collected by centrifugation (2,000 ϫ g).
Single-Molecule PCR. One-microliter samples containing an estimated 0.4 target HD molecule were amplified by using two rounds of nested PCR. The 25-l PCR mixture consisted of 1ϫ FailSafe PCR PreMix K buffer (50 mM Tris⅐HCl, pH 9.3 at 22°C͞50 mM KCl͞200 M each dNTP͞1.0 mM MgCl 2 and FailSafe PCR Enhancer with betaine; Epicentre Technologies, Madison, WI), 0.875 unit of FailSafe PCR enzyme mix, and 10 pmol each of forward primer (5Ј-GCGACCCTGGAAAAGCT-GATGA-3Ј) and reverse primer (5Ј-TGAGGCAGCAGCG-GCTGT-3Ј). First-round PCRs were performed at 98°C for 2 min, followed by 27 cycles of 98°C for 1 min and 64°C for 2 min 30 s. A final extension was performed at 72°C for 10 min. Two microliters of the first-round PCR product, containing the same buffer and enzyme, was further amplified in the second round by using 2 pmol each of forward primer (5Ј-CCTTCGAGTCCCT-CAAGTCCTTC-3Ј) and reverse primer (5Ј-CGGCTGAG-GAAGCTGAGGAG-3Ј). The reverse primer used in the second round was labeled at its 5Ј end with the Beckman CEQ WellRED Dye D3 (Beckman Coulter). The second round amplifications were performed at 98°C for 2 min, followed by 29 cycles of 98°C for 1 min and 67°C for 2 min. Final extension was performed at 72°C for 10 min. All PCR products with agarose gel mobilities indicating that they were not the WT HD allele were sized on a CEQ2000 (Beckman Coulter) denaturing microcapillary gel electrophoresis system.
Results
In adult patients with HD, variation in disease allele size in blood is severely limited relative to the variation seen in germ cells (35) (36) (37) (38) (39) . The size of the disease allele in blood can therefore be viewed as indicative of the allele size at conception, and alterations in this size can be taken as evidence of mutation. We studied the instability of an expanded HD allele in postmeiotic testis cells by using tissue taken at autopsy from a 48-year-old affected individual. According to total blood DNA, this patient was heterozygous for a (CAG͞CTG) 50 disease allele and a 15-repeat normal allele. Analysis of 80 blood alleles by singlemolecule PCR (data not shown) revealed 38 WT and 42 disease alleles (defined throughout this paper as Ͼ36 repeats). Among the disease alleles, 7 were 49 repeats, 37 were 50 repeats and 9 were 51 repeats. A single 41-repeat contraction was also observed.
Postmeiotic cells (spermatids and sperm; Fig. 1 ) were easily identified in histological sections of seminiferous tubules by their characteristic morphology and location close to the lumen of the tubule (40, 41) . After LCM, the cells were lysed and diluted to less than one haploid genome equivalent per sample, and the HD TNR tract was amplified by using single-molecule PCR. Among the 292 alleles that could be amplified, 125 (43%) were disease alleles and 57% were WT alleles. The 125 HD alleles ( Fig. 2A ; Table 1 ) had a median size of 87 repeats and gave a continuous size distribution (43-127 repeats) similar to allele sizes found in semen samples from affected sperm donors (32, 39) . We were conservative in calculating the expansion mutation frequency (no. of disease alleles with an expansion mutation͞total no. of disease alleles), such that only alleles with Ͼ52 repeats were scored as new mutations. Among the 125 disease alleles, 75% were expansion mutations.
Synchronization of cell division of spermatogonia along the length of seminiferous tubules is limited in humans compared with rodents (40, 41) . Human premeiotic and meiotic cells are readily identified based on their size, nuclear staining properties, and close proximity to the basement membrane (42) . Seminiferous tubule sections from the same patient were stained with ␥-H2AX antibody (data not shown). Antibody staining is detected in most spermatogonia and primary spermatocytes (43) (44) (45) . By this criteria, Ͼ50% of cells immediately within the outer third of the seminiferous tubules were either premeiotic or meiotic. Although postmeiotic cells can be found in proximity to Sertoli cells near the periphery of seminiferous tubules, these cells could be readily distinguished and excluded from our premeiotic͞meiotic LCM preparations (Fig. 1) . Fifty-one HD alleles were detected in the premeiotic͞meiotic cell preparation (median size, 77 repeats; range 46-109 repeats; Fig. 2B ). The mutation frequency was 88%.
A more discriminating microdissection was made to isolate only premeiotic cells from the same patient. Such cells are located at the periphery of seminiferous tubules, show nuclei that are usually smaller than those of meiotic cells, and lack the coarse chromatin seen in cells that have initiated meiosis (Fig. 1) . We observed 39 HD alleles in premeiotic cells (Table 1 ) and a mutation frequency of 87%. Although we may not have been able to completely prevent the capture of some cells just entering meiosis, it is highly unlikely that such contaminants would be present at a level approaching 87%. Allele sizes varied from 43 to 125 repeats (median, 77 repeats; Fig. 2C ). When the data from all meiotic and premeiotic cells are pooled and compared with postmeiotic cells, there is a significant difference in expansion mutation frequency (79͞90 vs. 94͞125, P ϭ 0.02). The slightly lower (15%) mutation frequency in postmeiotic cells could be explained if not all premeiotic͞meiotic cells that experienced a TNR expansion mutation are capable of completing meiosis and spermiogenesis.
Premeiotic͞meiotic cells were also studied from a second deceased individual 41 years of age who was heterozygous for a (CAG͞CTG) 50 disease allele and a 17-repeat normal allele (patient 2). Compared with patient 1, the seminiferous tubules were characterized by fewer postmeiotic cells, and less than 20% of the cells in the outer third of the seminiferous tubules stained heavily with ␥-H2AX antibody (data not shown). Among the 120 disease alleles detected (Table 1) , 57% were expansion mutations with a size distribution from 39 to 86 repeats (median, 57 repeats; Fig. 2D ). Compared with the first affected individual, the premeiotic͞meiotic cells of the second patient had a lower expansion mutation frequency and a narrower size distribution of disease alleles. Inter-individual variation in mutation frequency and size distribution is also seen when sperm samples from HD patients with similar numbers of repeats are compared (32) .
Discussion
Our results from two patients show that HD expansion mutations occur before the end of meiosis (Fig. 2 B-D) and are already present in premeiotic cells (Fig. 2C) . The latter observation suggests the occurrence of an important premeiotic mutation phase and supports an earlier argument for such a process in humans (32) . How premeiotic mutations arise is not known. The first proposal to explain TNR expansions (46) (47) (48) involved DNA replication slippage, implying that germ-line expansion mutations arise during premeiotic germ-line cell divisions. Later, supporting evidence in Escherichia coli and yeast showed that instability was influenced by the orientation of the CAG͞CTG repeats with respect to an origin of DNA replication, as well as by the repeat's proximity to an origin (2, (8) (9) (10) (11) . Finally, results from studies on yeast mutants that affect Okazaki strand synthesis (13, 49) were consistent with a celldivision-dependent mutation model in these organisms. On the other hand, studies on primate and human cells have found the relationship between instability and the orientation and proximity of the repeats to an origin of DNA replication to be more complicated (12, 50) . In addition, data on mouse models suggest that TNR instability in somatic tissues accumulates with age and may not always be correlated with cell-division history (15) (16) (17) 51) , thereby suggesting a role for the repair of DNA damage resulting from DNA breaks or gaps. Thus, slippage during cell-division-dependent DNA replication or repair of DNA lesions induced by TNR secondary structures (or both) could contribute to human premeiotic expansion mutations. Whether such mechanisms produce expansions through many independent events, each one adding a small number of repeats, or result in a single (saltatory) large addition, is not known.
Premeiotic expansion events could arise at a variety of different times during development. One possibility is early in development before the germ-line and somatic cell progenitors become distinct from one another (reviewed in ref. 52). Our single-molecule PCR results on blood DNA from patient 1 [as well as data comparing sperm and a greater variety of human tissues by using total DNA (35-38)] would argue against this possibility, because it might have been expected that all tissues would have comparable levels of instability. However, we must be cautious about ruling out expansion mutations before the germ line and soma become distinct. For example, selection against cells carrying large expansions (reviewed in refs. 52 and 53) may exist in some tissues, thereby reducing what would otherwise be significant somatic allele size variation. Premeiotic TNR instability may also occur between the time of primordial germ cell determination and puberty or could be unique to the postpubertal spermatogonia, but no experimental data concerning these possibilities are available. However, the long lifespan and lifelong cell divisions of postpubertal spermatogonial stem cells make them likely targets for age-dependent mutations that arise by DNA damage repair or cell-division-dependent DNA replication errors, respectively. Of course it is also possible that expansion mutations occur at many different stages of development.
Our data on premeiotic cells suggest that events occurring during meiosis or afterward are not required for expansion mutation. However, our results do suggest the possibility of an additional expansion phase after meiosis begins. In patient 1, a total of 215 disease alleles were detected in the premeiotic, premeiotic͞meiotic and postmeiotic cell dissections. Data in Fig.  2 A-C show, for example, that the proportion of disease alleles with Ͼ80 repeats in the postmeiotic cells (0.57) was significantly greater (P ϭ 0.01) compared with the proportion found in all of (Figs. 2 B-D) differs from experiments in male mice that concluded expansion mutations arise only in cells after they have finished meiosis (18) . In that study, premeiotic, meiotic, and postmeiotic cells were isolated by flow cytometry from animals carrying a transgene with a (CAG͞CTG) 117 tract. One possible explanation for the discrepancy with the human data concerns the different germ cell histories in the two species. The genomes of the human spermatogonial stem cells we studied can be estimated (54) to have experienced 771 (patient 1) or 611 (patient 2) cell divisions over 4 decades after zygote formation. In the mouse study, the spermatogonial stem cells are expected to have experienced Ϸ35 cell divisions (54) over a period of less than 3 months after zygote formation. Thus, fewer opportunities may exist in mouse than in human to accumulate premeiotic expansion mutations, regardless of what the molecular mechanism may be. Another possible difference between the mouse and human studies is that humans possess the complete HD gene and surrounding sequences, whereas the mouse HD transgene contained only a very limited portion of the human gene.
When all of the captured cell populations are considered together, far more WT alleles were amplified than HD alleles (620 vs. 325, respectively). There are at least two possible explanations for this unexpected finding. First, disease alleles may be missing because some of them may expand above the size range that can be efficiently amplified from microdissected tissue specimens. Using the same PCR protocols, we can detect expanded alleles (177 repeats; data not shown) from other DNA sources that are larger than the largest allele in the testis cell preparations (127 repeats). However, the efficiency of amplification is generally reduced as allele size increases. Second, some captured cells may have contained an HD allele with a DNA strand break in the CAG͞CTG tract. Such molecules are an expected intermediate in every expansion model (reviewed in refs. 2, 24-27, and 55). If broken but expanded strands are not ligated to adjacent sequences on the same strand, they cannot be amplified by using PCR primers flanking the repeats. In vitro, the ligation of single (CTG) n strands to adjacent sequences becomes difficult, even when a single strand flap is no more than 10 repeats long, presumably because of secondary structure formation (56) . Thus, the inability to find large HD alleles at the expected frequency (or even to find them at all in any particular cell population) may reflect an ascertainment bias against detecting certain intermediates in the mutation process, rather than suggesting their absence.
